Changes in intracellular Ca^2+^ concentration (\[Ca^2+^\]i) play an important role in cellular communication. The intracellular Ca^2+^ concentration is mainly mediated by two pathways: calcium entry via membrane calcium channels and calcium release from intracellular stores. The latter is mediated by 1, 4, 5-inositol triphosphate receptors (IP3R) and ryanodine receptors (RyRs). Mechanism of calcium release induced by RyRs has been believed to be calcium-induced calcium release (CICR) ([@R9]). In the mammalian auditory system, calcium released from intracellular calcium stores in inner hair cells (IHCs), outer hair cells (OHCs), Deiters' cells, and basal cells of stria vascularis plays an important role in the regulation of auditory transduction and electrochemical equilibrium of the cochlea ([@R7]; [@R22]). Neural transmitters, such as glutamate, ATP, acetylcholine (ACh), and substance P, can activate calcium signaling in spiral ganglia neurons, and then regulate the excitability of auditory neurons ([@R31]). It has been reported that RyRs are widely expressed in the IHCs, OHCs, supporting cells in the organ of Corti's, and in spiral ganglia neurons (SGNs) ([@R21]; [@R23]). In the OHCs, the RyRs are mainly expressed under the reticular lamina, where BK channels are also strongly expressed ([@R3]). Other studies also revealed that RyRs expressed in the synaptic area at the bottom of OHCs and the adjacent Deiters' cells called as synaptoplasmic cistern ([@R21]; [@R23]). [Table 1](#T1){ref-type="table"} is a summary of location of RyR expression in previous references. The distance between synaptoplasmic cistern and postsynaptic membrane was only 30 nm, implying the functional-coupling with the activation of the ACh receptors ([@R21]; [@R23]).Three subtypes of RyRs have been identified expressed in the cochlea. RyR1 was observed in the synapses of OHCs using an SP6-RNA probe. RyR2 was mainly expressed in Corti's organ and the cytoplasm of IHCs. RyR3 was found in the axons of SGNs located in the inner spiral plexus and the terminal of outer spiral fiber innervating OHCs ([@R21]; [@R23]). These distinct expression patterns suggest that RyRs mediated calcium signaling plays important roles in auditory function.

Table 1Location of RyR expression in previous references.*ReferenceLocalization of RyR expression*[@R21]OHCs and Deiters' cells (RyR1)\
Synaptic pole of OHCs[@R23]Adult rat cochlea (three types of RyR)\
SGN cell bodies (RyR)[@R3]Deiters' cells, IHCs and lateral membrane side and\
basal synaptic areas of OHCs (RyR1)[@R31]Reticular laminae and lateral cell wall of the OHCs\
and vicinity of the SGNs' membrane (RyRs)

RyR-mediated Ca^2+^ release may be involved in auditory neurotransmission, sound transduction, cochlear electrochemical homeostasis, and development ([@R23]). However, the relationship between calcium-induced calcium release (CICR) mediated by RyRs and the development of auditory function is unclear. CICR has been proposed to be evoked by calcium release from intracellular RyR-sensitive stores ([@R11]). On the other hand, there were fewer studies on the development of the inner ear in rats. Development of the rat auditory system started from the embryonic period and extended to the postnatal period. The developmental stage of the primary auditory afferent pathway and the auditory central in the brainstem was nearly mature at PND 14 ([@R1]; [@R19]). However, whether the RyR expression promotes the auditory system maturate in the development of rat is still unclear. In this study, the distribution and expression of RyRs in the developing rat cochlea was investigated by use of immunofluorescent stain and confocal microscopy. Calcium imaging identified that RyR-mediated Ca^2+^ release may play an important role in the cochlear maturity.

Materials and Methods {#S1}
=====================

Animals
-------

For the immunohistochemical experiment, thirty SD rats were divided into six groups according to their ages (PND 1, 5, 10, 14, 28, and 60).Twenty rats with a body weight of 250 to 300 g were used for calcium imaging. All animals were supplied by the Experimental Animal Center of Affiliated Xinhua Hospital, Shanghai Jiaotong University School of medicine. All adult animals or the fathers of infant animals had a normal pinna reflex. All experiments conformed to the Shanghai Animal Management Committee. The number of animals used and their suffering were minimized.

Immunofluorescence
------------------

Rats were quickly decapitated and the cochleae dissected. The fixed cochlea was kept at 4°C overnight, and then decalcified using 10% EDTA for 1 to 10 days, according to the age of animal. The EDTA solution was changed every day. After decalcification, the cochlea was dehydrated in 15% sucrose for 3 hours and 30% sucrose overnight.The dehydrated cochleae were embedded in OCT media for 3 hours, frozen, and sectioned at a thickness of 10 µm horizontally along the modiolus. The glass slides were pre-coated with poly-D-lysine to avoid detachment.The sections were stored at −20°C.

After air drying at room temperature, the sections were permeated at 37°C for 40 minutes with 0.1% triton X-100, and then blocked at 37°C for 30 to 40 minutes with 10% goat serum. Mice anti-RyR antibody \[1:200, Monoclonal Anti-Ryanodine Receptor (Clone 34C), Sigma, USA\] was directly applied to the section after removal of serum (without washing). This monoclonal Anti-Ryanodine Receptor reacts strongly with ryanodine receptor-1 \[expressed predominantly in skeletal muscle and areas of the brain ([@R25], [@R26])\] and receptor-2 (expressed predominantly in the heart muscle and diffuse areas of the brain ([@R15], [@R36])). For the control group, PBS was used instead of primary antibody. The stained sections were stored at 4°C overnight, followed by the application of FITC-conjugated goat anti-mouse antibody at 37°C for 2 hours. The sections were then sealed with 50% glycerophosphate buffer, adhered with nail polish, and observed using a fluorescence microscope.

Confocal Ca^2+^ imaging
-----------------------

The rats were decapitated and bilateral cochleae were isolated and stored in Hank's or D-Hank's solution. The cochlea was opened, followed by removal of the shell and cutting of the modiolus. The cochlea was incubated in 0.25% type-IV collagenase (Sigma, USA) solution for 20 minutes at room temperature.Then the basilar membrane was removed and made into a cell suspension.

After cell attachment, Fluo-3/AM was applied at a final concentration of 5 µM for 30 to 50 minutes in the absence of light. Acetylcholine (ACh) (Sigma, USA) solution was made using Hank's or D-Hank's solution and according to the concentration of ACh applied on isolated outer hair cells (OHC) in the previous report ([@R5]), the final concentration in Petri dishes was 100 µM. The final concentration of thapsigargin (Biomol, USA) and ryanodine (Biomol, USA) in Petri dishes were 30 nM and 30 µM, respectively. There were 6 groups, and in each group five cells were observed, and the experiment was performed on OHCs. ACh, Ryanodine+ACh, thapsigargin +ACh were applied to the OHCs in Hank's and D-Hank's solution, respectively. Under latter two circumstances, Ryanodine or thapsigargin was first applied, followed by ACh after 200 seconds. The Fluo-3/AM-labeled OHCs were observed under a laser scanning confocal microscope (Bio-Rad Radiance 2000, USA). Lasersharp 2000 was used to calculate the relative fluorescence intensity to indicate the relative \[Ca^2+^\]i.

Analysis of data
----------------

Statistical analysis of the data was provided as mean ± S.E.M. using Microsoft Excel 10.0, and statistical significance was established by the paired student t-test using SPSS software (SPSS Inc., USA). Significance for all values was set at *p*\<0.05.

Results {#S2}
=======

RyRs expression in different parts of the cochlea during cochlear development
-----------------------------------------------------------------------------

Due to differential expression of RyRs in different parts of the cochlea, it was shown by area in each age group, and in each group Figure A is the negative control. [Table 2](#T2){ref-type="table"} shows the differential expression of the RyR in the rat cochlea development. Kolliker's organ is a temporary structure in the development of the cochlea, and it will degenerate when rat grows. In the PND 1 group, low expression was found in the basilar part of Kolliker's organ ([Figure 1](#F1){ref-type="fig"}B), where cells might differentiate into inner sulcus cells. No obvious expression was observed in the main part of Kolliker's organ in the PND 1 group. The RyRs expression of Kolliker's organ in the PND 5 group was similar to that in the PND 1 group and very low expression in the main part ([Figure 2](#F2){ref-type="fig"}B). In Corti's organ, significant temporal differences are found for RyRs expression during cochlear development. In the PND 1 and 5 groups, Corti's organ was structurally immature, morphological characteristics of hair cells and supporting cells were not distinguished, and no significant expression of RyRs was observed ([Figure 1](#F1){ref-type="fig"}C and [2](#F2){ref-type="fig"}C). In the PND 10 group, the formation of Corti's organ was basically complete, and intracellular RyR expression was dispersive ([Figure 3](#F3){ref-type="fig"}C). In the PND 14 group, Corti's organ was nearly mature, and the expression of RyRs showed a specific spatial distribution ([Figure 4](#F4){ref-type="fig"}C). RyRs were widely expressed in IHCs, especially in the infranuclear region. In OHCs, immunofluorescence labeling can be found in the infranuclear region. The expression level was lower in the supranuclear region of OHCs. RyRs were strongly expressed in Deiters' cell, Hensen cell, Claudius' cell, and the inner and outer pillar cells. The expression of RyRs at PND 28 was similar to that at PND 14 ([Figure 5](#F5){ref-type="fig"}C). RyRs were strongly expressed in IHCs, especially in regions under the nuclei and near the cell membrane. RyRs were also strongly expressed in the region under the nuclei of OHCs and in supporting cells. In the adult group, RyRs were widely expressed in IHCs, and strongly expressed in the region under the nuclei of OHCs and in supporting cells ([Figure 6](#F6){ref-type="fig"}C). In younger age groups (PND 1 to 5) the number of SGNs was large, and cells were closely arranged in a cluster ([Figure 1](#F1){ref-type="fig"}B and [1](#F1){ref-type="fig"}D). In older age groups (PND 10 to 14), the number of SGNs decreased slightly, and although cells were still densely arranged, the number of cell clusters decreased ([Figure 3](#F3){ref-type="fig"}B and [3](#F3){ref-type="fig"}D). In the PND 28 and adult groups, the number of SGNs was significantly decreased, and the intercellular space grew wider ([Figure 5](#F5){ref-type="fig"}B and [5](#F5){ref-type="fig"}D). RyRs started to be expressed in SGNs in newborn animals, and the pattern of expression changed from wide and uniform to more localized concentrations. In the PND 28 and adult groups, RyRs were significantly concentrated near cell membrane ([Figure 5](#F5){ref-type="fig"}D and [6](#F6){ref-type="fig"}D). In other parts of the cochlea, the stria vascularis was not completely developed, and the three cell layers were not significantly differentiated in the PND 1 and 5 groups. High expression of RyRs was found in the stria vascularis ([Figures 1](#F1){ref-type="fig"}B and [2](#F2){ref-type="fig"}B). In the PND 10 group, the development of the stria vascularis was nearly mature, and expression of RyRs was weaker than in younger age groups ([Figure 3](#F3){ref-type="fig"}B). No significant expression of RyRs was found in the stria vascularis of the other three groups, and only weak expression was found in basilar cells. In the PND 14, 28, and adult groups, strong expression of RyRs was found in inner sulcus cells, and wide expression was observed in the spiral ligament ([Figures 4](#F4){ref-type="fig"}B, [5](#F5){ref-type="fig"}B and [6](#F6){ref-type="fig"}B). Strong non-specific staining was observed at the edge of the spiral lamina, particularly at PND 5 ([Figure 2](#F2){ref-type="fig"}A).

Figure 1Immunostaining of RyRs in cochleae of the PND 1 group. (A) ×250. Negative control. Non-specific staining could be seen at the edge of the spiral lamina and the outer lateral wall of the cochlea. (B) ×1000. Positive staining of RyRs was found in SGNs and stria vascularis. Slight staining was observed in the basilar Kolliker's organ. (C) ×400. Naive cells were found in Corti's organ. The expression of RyRs was not significant. Arrangement of IHCs and OHCs was found to be indistinct. (D) ×400. SGNs were in clusters. Strong RyR expression was found in the cell body. (IHC: inner hair cell, OHC: outer hair cell, DC: Deiters cell, SGN: spiral ganglia neuron, SV: stria vascularis, SL: spiral ligament).

Figure 2Immunostaining of RyRs in cochleae of the PND 5 group. (A) ×100. Negative control. Non-specific staining could be seen at the edge of the spiral lamina. (B) ×100. Positive staining of RyRs was found in SGNs and stria vascularis. The staining of Corti's organ was not significant. Positive staining of RyRs could be seen in Kolliker's organ. (C) ×400. Naïve IHCs and OHCs were uniformly stained. Low expression of RyRs was found in the basilar Kolliker's organ. (D) ×400. The staining of SGNs was similar to the PND 1 group.

Figure 3Immunostain of RyRs in cochleae of the PND 10 group. (A) ×100. Negative control. Non-specific staining at the edge of the spiral lamina was weak. (B). ×100. The formation of the cochlea was basically complete. Kolliker's organ was completely degraded. RyR expression was strong in Corti's organ and SGNs. (C) ×400. Cells in Corti's organ were mature. Cell arrangement was tense. IHCs, OHCs, and supporting cells were uniformly stained. (D) ×400. The staining of SGNs was similar to the PND 1 and 5 groups, but cells were not arranged in clusters. The cells were developmentally mature.

Figure 4Immunostaining of RyRs in cochleae of the PND 14 group. (A) ×100. Negative control. (B) ×100. Cochleae were structurally fully developed. The strongest expression of RyRs was found in Corti's organ and second strongest was in SGNs. In stria vascularis, low expression was found in basilar cells. (C) ×400. The differentiation of Corti's organ was close to that of an adult. RyRs were widely expressed in IHCs and concentrated in the region under the nuclei. Strong expression of RyRs was found in the region under the nuclei of OHCs and supporting cells, including Deiters' cells, Hensen cells, Claudius' cells, pillar cells, and inner sulcus cells. (D) ×200. The intercellular space of SGNs became large. Significant expression of RyRs was found in the plasma.

Figure 5Immunostaining of RyRs in cochleae of the PND 28 group. (A) ×100. Negative control. (B) ×100. Structure of mature cochleae. Strong expression of RyRs was observed in Corti's organ and SGNs. (C) ×400. Corti's organ was structurally mature. RyR was strongly expressed in the plasma of IHCs, especially under nuclei and near the membrane. (D) ×400. RyR expression in SGNs. RyRs were concentrated near the cell membrane.

Figure 6Immunostaining of RyRs in cochleae of the adult group. (A) ×100. Negative control. (B) ×100. RyRs were mainly expressed in Corti's organ. RyR staining was not complete in the plasma of SGNs. (C) ×400. The expression of RyRs was uniform in IHCs and slightly stronger at the lateral wall. The expression of RyRs was significant under the reticular lamina of OHCs and a little lower above the nuclei. (D) ×400. RyRs were expressed near the SGN membranes and were concentrated granularly in some areas.

Table 2Location of RyR expression in present study.*PND 1PND 5PND 10PND 14PND 28Adult*Kolliker's organLow expression in the\
Basilar partDegenerationOHCsImmature and no\
obvious expressionObscure\
expressionStrong expression in the\
infranuclear region and lower in\
the supranuclear regionIHCsWide expression, especially in\
regions under the nuclei and near\
the cell membraneSupporting\
cellsStrong expression in most kinds\
of supporting cells' cytoplasmSGNsStrong and wide expression in the cytoplasmConcentrated expression near cell membrane

Effects of ACh on \[Ca^2+^\]~i~ in OHCs
---------------------------------------

In the presence of calcium (Hank's solution), the application of 100 µM ACh (the first group) caused a fast elevation of \[Ca^2+^\]~i~, and the peak of relative fluorescence intensity was 1.430±0.010 U (n=5, [Figure 7](#F7){ref-type="fig"}A). In the second group, fifty seconds after the experiment started, 30 µM ryanodine was applied, and a gradual elevation of \[Ca^2+^\]~i~ was observed in the OHCs.The relative fluorescence intensity increased from 1.000U in the resting condition to 1.140±0.0004 U (n=5). The application of 100 µM ACh at 220 seconds after the experiment started induced an immediate increase of \[Ca^2+^\]i. The peak fluorescence intensity was 1.580±0.020 U (n=5). After approximately 10 seconds, the \[Ca^2+^\]~i~ returned to the resting level and did not change for 200 seconds. The final relative fluorescence intensity was 1.140±0.002 U (n=5, [Figure 7](#F7){ref-type="fig"}B). In the third group, fifty seconds after the experiment started, 30 nM thapsigargin was applied and induced an increase of \[Ca^2+^\]~i~, however, no significant peak was found. After 200 seconds of observation, the relative fluorescence intensity increased to 1.145±0.002 U (n=5).

Figure 7(A1--A2) Effects of 100 µM ACh on the relative fluorescence intensity of OHC \[Ca^2+^\]~i~ in Hank's solution. (B1--B3) Effects of 100 µM ACh following 30 µM ryanodine on the relative fluorescence intensity of OHC \[Ca^2+^\]~i~ in Hank's solution. (C1--C3) Effects of 100 µM ACh following 30 nM thapsigargin on the relative fluorescence intensity of OHC \[Ca^2+^\]~i~ in Hank's solution. (D1--D2) Effects of 100 µM ACh on the relative fluorescence intensity of OHC \[Ca^2+^\]i in D-Hank's solution. (E1--E3) Effects of 100 µM ACh following 30 µM ryanodine on the relative fluorescence intensity of OHC \[Ca^2+^\]~i~ in D-Hank's solution. (F1--F3) Effects of 100 µM ACh following 30 nM thapsigargin on the relative fluorescence intensity of OHC \[Ca^2+^\]~i~ in D-Hank's solution.

The application of 100 µM ACh after 250 seconds induced a fast elevation of \[Ca^2+^\]~i~, which reached a peak after 5 seconds and returned to the resting condition after 8 seconds. In the following 200 seconds, the relative fluorescence intensity slowly increased. The peak relative fluorescence intensity was 1.398±0.003 U (n=5), and the final relative fluorescence intensity was 1.210 0.010 U (n=5, [Figure 7](#F7){ref-type="fig"}C). In calcium-free external solution (D-Hank's solution), the application of 100 µM ACh (the fourth group) had no effect on OHCs. The relative fluorescence intensity was 1.003±0.022 U (n=5, [Figure 7](#F7){ref-type="fig"}D). In the fifth group, fifty seconds after the experiment started, 30 µM ryanodine was applied and a slow elevation of \[Ca^2+^\]~i~ was observed in OHCs.The relative fluorescence intensity increased to 1.1395±0.0006 U (n=5). ACh was applied 220 seconds after the start of the experiment, and the \[Ca^2+^\]~i~ increased slowly.The final relative fluorescence intensity was 1.140±0.001 U (n=5, [Figure 7](#F7){ref-type="fig"}E). In the sixth group, fifty seconds after the experiment started, 30 nM thapsigargin was applied, and \[Ca^2+^\]~i~ was found to increase. The relative fluorescence intensity increased to 1.141± 0.001 U (n=5) after 220 seconds. One-hundred µM ACh was then applied, and a slow elevation of fluorescence was observed. The final relative fluorescence intensity was 1.210±0.010 U (n=5, [Figure 7](#F7){ref-type="fig"}F). All values were described in [Table 3](#T3){ref-type="table"}.

Table 3The relative fluorescence intensity in 6 groups.*SolutionOnly ACh groupRyanodine+ACh groupThapsigargin+ACh group*Hank's solution1.430±0.010 U1.140±0.0004 U1.145±0.002 U1.580±0.020 U [\*](#TF3-2){ref-type="table-fn"}1.398±0.003 U [\*\*](#TF3-3){ref-type="table-fn"}D-Hank's solution1.003± .022 U1.1395±0.0006 U1.141±0.001 U1.140±0.001 U [\#](#TF3-4){ref-type="table-fn"}1.210±0.010 U [\#\#](#TF3-5){ref-type="table-fn"}[^2][^3][^4][^5][^6]

Discussion {#S3}
==========

Recent studies found that RyR-mediated CICR was involved in many physiological processes in the cochlea. Strong expression of RyRs in IHCs, OHCs, SGNs, and supporting cells indicated that RyRs were involved in many physiological processes in cochleae, including release of afferent neurotransmitters from IHCs, cholinergic efferent responses of OHCs, auditory encoding and transduction of SGNs, and non-sensory cell regulation of the electrochemical equilibrium of the cochlea ([@R3]; [@R14]; [@R21]; [@R24]; [@R23]). The morphological structures of developing rat cochleae at multiple stages of development are different. Therefore, we hypothesized that expression of RyRs is involved in the development of rat cochleae.

RyR expression in different parts of cochleae during development
----------------------------------------------------------------

### Differential expression of RyRs in IHCs

In the auditory transduction, mechanical stimulus caused the displacement of stereocilium of hair cell in cochlea, then mechano-electrical transduction (m-e. t.) channel opened and nonspecific cation influx from extracellular, which caused depolarization of hair cell and formed the receptor potential. The receptor potential triggered the opening of L-type voltage-gated calcium channel (VGCC) and induced the calcium influx, and then CICR was triggered. Ca^2+^ , as a second messenger, could induce series of actions of IHCs, such as regulation on activity of Ca^2+^ -dependent potassium channel, release of Ca^2+^ -dependent neurotransmitters. Ca^2+^ controlled the release of neurotransmitters in afferent synapsis of IHCs, which is the basic process that sound was transformed into excitation of auditory nerve ([@R4]; [@R38]). In present experiments, we found that RyR expression in IHCs increased as rats aged, and was mature after PND 14. As the PND increased, the distribution of RyRs became more concentrated, especially in the reticular laminae, lateral cell wall, and synaptic area. RyRs were strongly expressed in reticular laminae and lateral cell wall, where BK channel also highly expressed ([@R18]; [@R31]). According to this, some researchers believe that coupling RyR-BK channels could inhibit the fast neurotransmission of IHCs ([@R3]; [@R14]). [@R3] reported that ryanodine could reduce the repolarization current of BK channel and slightly shifted the membrane potential of OHCs to the depolarized direction of activating threshold of calcium channels ([@R3]). RyR-mediated CICR could activate local BK channel, induce fast hyperpolarization and inhibit the action of synapses. RyRs were believed to control the release of neurotransmitters by affecting BK channel and membrane potential ([@R3]). The release of neurotransmitters were triggered by VGCCs, and CICR mainly regulated BK channels of IHCs, which inhibited neural transmission in the extreme condition of calcium accumulation, such as overstimulation of sound or local ischemia, acting like a emergency brake. High expression of RyRs in afferent synapses suggested that CICR could regulate not only the release of neurotransmitters but also the transportation of vesicles ([@R12]).[@R17] investigated presynaptic depolarization-induced calcium influx in IHCs of mice using confocal microscopy, and provided the proof of presynaptic existence of CICR in IHCs where increase of calcium concentration in basal part of cell could promote the release of afferent neurotransmitter to the terminal ([@R17]). RyRs expression in PND 28 group was similar to PND 14 group, and strong expression of RyR was found in synaptic area under nucleus. RyRs expression in adult group was also concentrated in reticular laminae, lateral cell wall and synaptic area. The expression patterns of RyRs found in this study provided a molecular basis of CICR in IHCs.

### Differential expression of RyRs in OHCs

Similar to IHCs, the expression of RyRs in OHCs also increased with development, and was mature after PND 14. Strong expression of RyRs was found under the nuclei of OHCs.This area was the location of synaptoplasmic cistern. The distance between postsynaptic membrane and it was only 30 nm. Calcium influx was induce when acetylcholine affected at postsynaptic membrane, and then induced CICR. Since synaptoplasmic cistern was close to cell membrane and might be connected with the membrane, it could effectively inhibit the efferent transmission. Acetylcholine could induce calcium influx via affecting nicotinic receptor and activate calcium-dependent potassium channel. Ryanodine and other calcium store activators could alter the level of transient ion flow of OHC caused by endogenous and exogenous acetylcholine. In the mechanism of smooth muscular excitation-contraction coupling, RyRs in ER coupling with VGCC mediated the process of CICR. Both endogenous and exogenous acetylcholine-induced current could be promoted by intracellular calcium store activator, which might be closely related with synaptoplasmic cistern ([@R10]).

### Differential expression of RyRs in supporting cells

Kolliker's organ was not completely degraded in rat cochleae of the PND 1 and 5 groups, and Corti's organ was at an early stage of development. RyRs started to be expressed in Kolliker's organ in the PND 5 group, which might be involved in the following degradation and apoptosis, as it was reported that endoplasmic reticulum induced apoptosis was closely related to Ca^2+^ ([@R34]). In addition, Kolliker's organ was an important structure which could release ATP in postnatal early period of cochlea development ([@R33]). Though it was not clear whether ATP vesicles existed in supporting cells of Kolliker's organ, but it was reported that ATP was released in vesicle form generally ([@R37]), and Ca^2+^ could promote the transportation and/or release of vesicles. Therefore, it suggested that RyRs might be involved in the release of ATP. No significant expression of RyRs was observed in the PND 1 and 5 groups since Corti's organ was not completely formed. Weak expression of RyRs was found in the PND 10 group. Strong expression was found in the apical and basilar parts of the outer pillar cell, Deiters cell, and Hensen cell in the PND 14 group.

In the PND 28 and adult groups, the expression of RyRs was strong in supporting cells. It was previously reported that supporting cells were one of the sources of ATP ([@R39]). Intracellular free calcium could change the mechanical response of Deiters cell ([@R6]). RyR-mediated CICR was involved in regulating the gap junction of supporting cells ([@R30]). A previous study reported that ATP could be released from damaged hair cells induced by noise and triggers the calcium wave spread in supporting cells ([@R13]). RyR-mediated CICR might also be involved in this process.

### Differential expression of RyRs in SGNs

RyR expression has been shown in neural tissues ([@R2]; [@R34]). In current study, the spiral neurons were strongly expressed in all different age cochlear tissues of rats.

During maturation of cochleae and development of SGNs, the expression changed from wide expression in the cytoplasm (PND 1 to 14) to local expression near the membrane region (PND 28 and adult). In the SGNs of adult rats, RyRs were expressed granularly near the cell membrane, which indicated that RyRs were involved in the regulation of membrane conductance and resting potential of SGNs and probably affected the encoding and transduction of auditory information ([@R31]). We found that during the postnatal development of rat cochlea, the formation of SGNs matured, the intercellular space turned big and the total number of cells decreased, therefore, we believed that the maturation of SGNs was a process of apoptosis. Previous studies found that some drugs could promote or inhibit apoptosis by interfering calcium channels on the ER membrane then altering calcium concentration in ER ([@R34]). Change in intracellular calcium concentration might induce ER stress, and excessive ER stress resulted in cell apoptosis. Since ER and mitochondria were spatially close to each other, calcium released from ER could trigger mitochondria-induced apoptosis. ER and mitochondria were functionally connected in the process of cell apoptosis and Ca^2+^ was an important signal molecular in this connection ([@R35]). Ca^2+^ released from ER into plasma via IP3R or RyR could also increase the calcium concentration in mitochondria. Some drug such as ceramide could induce calcium release from ER of Hela cells and calcium overload in mitochondria, and cause mitochondria swelling and destruction, then resulted in cell apoptosis ([@R29]). [@R27] reported that caffeine and ryanodine could trigger the depletion of calcium in ER and resulted in the apoptosis of ovarian cell in Chinese hamster ([@R27]). According to these studies, we concluded that wide expression of RyRs in SGNs of low age group might be involved in apoptosis during the postnatal development of SGNs. Nerve fibers were reported to induce the differentiation and maturation of sensory hair cells and supporting cells ([@R16]). We found that RyRs expressed in SGNs earlier than in hair cells and supporting cells, which suggested nerve fiber induced the differentiation and maturation of sensory hair cells and supporting cells by releasing certain neurotransmitter that might be ATP since RyR-mediated CICR was involved in neurotransmitter release and SGNs might be one of the ATP source in cochlea.

### Differential expression of RyRs in stria vascularis

During development of the cochlea lateral wall, RyR expression was observed in naïve stria vascularis cells at PND 1 to 5. In the following period, RyR expression was only found in basilar cells of the stria vascularis.The function of RyRs in stria vascularis cells was not clear. Basilar cell of stria vascularis was secretory cell that could secret K^+^ . Whether CICR was involved in the transportation of K^+^ need further study.

ACh might induce CICR in OHCs of rat cochleae
---------------------------------------------

Acetylcholine receptors (AChRs) in hair cells are ligand-gated ion channels that could hyperpolarize hair cells and inhibit their action. Unique postsynaptic signaling at the hair cell efferent synapse permits calcium to evoke changes on two time scales. [@R32] found two temporal phases of cholinergic efferent inhibition in mammalian OHCs ([@R32]). In the fast phase, calcium influx via nicotinic receptor channels induced the opening of the calcium-dependent potassium channel. In the slow phase, calcium influx induced CICR and caused calcium release from the OHC calcium store. The role of the fast phase was to regulate the encoding of auditory signals in the cochlea, and the role of slow phase was to protect OHCs from auditory overstimulation.

To further investigate whether calcium elevation in OHCs induced by ACh could trigger CICR, we observed \[Ca^2+^\]~i~ changes in OHCs by the application of ACh, thapsigargin, and ryanodine in the presence of calcium or in calcium-free conditions. Thapsigargin could bind with ER ATPase and form an irreversible complex, and then inhibit Ca^2+^ -ATPase selectively, resulted in the depletion of ER calcium store and the sustained elevation of \[Ca^2+^\]~i~ ([@R7]). Ryanodine, an agonist of RyR, can increase the activity of RyR, reduce the activating threshold of CICR, and trigger the release of intracellular ryanodine-sensitive calcium store. Ryanodine acts as an agonist at low concentration (≤ 50 µM) and an antagonist at high concentration (\> 50µM) ([@R20]). We found that the application of 100 µM ACh could induce a fast elevation of \[Ca^2+^\]~i~ in OHCs in the presence of extracellular calcium and had no effect on \[Ca^2+^\]~i~ in calcium-free external solutions, which indicated the effect of ACh was calcium-dependent. Furthermore, we applied ryanodine or thapsigargin before ACh application in the presence of calcium or in calcium-free condition. When ryanodine was applied before ACh application in the presence of calcium, the elevation of \[Ca^2+^\]~i~ was higher than that induced by ACh alone. A potential mechanism is that application of ryanodine reduced the activating threshold of the RyR, and the following application of ACh induced the CICR which contributed to the elevation of \[Ca^2+^\]~i~. When thapsigargin was applied before ACh, the elevation of \[Ca^2+^\]~i~ was lower than that induced by ACh alone, which suggested that thapsigargin might cause an irreversible depletion of the IP3-sensitive calcium store. Thus, the following ACh application was unable to trigger IP3-sensitive calcium release, and the total \[Ca^2+^\]~i~ elevation was reduced. In calcium-free external solution, regardless of whether ryanodine or thapsigargin was applied first, the following ACh application had no effect on \[Ca^2+^\]~i~, which further proved that the effects of ACh were calcium- dependent.

This study proved that ACh-induced calcium release was not only contributed by IP3-sensitive calcium store, but also by ryanodine-sensitive calcium store. Previous reported slow elevation of \[Ca^2+^\]~i~ might involve CICR. CICR could be triggered by both calcium influx via membrane calcium channel and by calcium release from IP3-sensitive calcium store. With or without extracellular calcium, IP3-sensitive calcium store can co-operated with ryanodine-sensitive calcium store and precisely regulate the intracellular calcium concentration.

These results suggested that ACh-induced calcium release was contributed to a combination of the IP3-sensitive calcium store and the ryanodine-sensitive calcium store in OHCs of rat cochleae.
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[^2]: Before the application, the resting fluorescence intensity in each group was 1U; b) Except only ACh group in D-Hank's solution, the relative fluorescence intensity in all the other groups had statistical significance after application (p\<0.05);

[^3]: p\<0.05 for Ryanodine+ACh group VS ACh group (Hank's solution);

[^4]: p\<0.05 for Thapsigargin+ACh group VS ACh group (Hank's solution);

[^5]: p\<0.05 for Ryanodine+ACh group VS ACh group (D-Hank's solution);

[^6]: *p\<0.05 for Thapsigargin+ACh group VS ACh group (D-Hank's solution).*
